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B0 → D∗−a+1 : Chirality tests and resolving an ambiguity in 2β + γ ∗
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We point out that the decays of B mesons into a vector meson and an axial-vector meson can
distinguish between left and right-handed polarized mesons, in contrast to decays into two vec-
tor mesons. Measurements in B0 → D∗−a+1 are proposed for testing factorization and the V−A
structure of the b→ c current, and for resolving a discrete ambiguity in 2β + γ.
The decays of B mesons into two vector mesons (B →
V1V2), in which each of the two vector mesons decays
to two particles whose momenta are measured, can be
used to study the vector meson polarization [1]. These
measurements determine separately rates for linear po-
larization states of the two vector mesons, which are ei-
ther longitudinal (0), or transverse to their direction of
motion and parallel (‖) or perpendicular (⊥) to one an-
other. Certain interference terms between corresponding
weak hadronic amplitudes, Im(H∗‖H⊥), Re(H
∗
0H‖) and
Im(H∗0H⊥), can also be measured. These studies are use-
ful in obtaining information about weak CKM phases [2],
but leave discrete ambiguities in the extracted values.
Polarization measurements in color-allowed B → D∗ρ
decays [3] are in agreement with predictions based on
factorization and on heavy quark symmetry [4]. Similar
measurements in color-suppressedB → J/ψK∗ [5], show-
ing deviations from factorization, lack a precise quanti-
tative theoretical interpretation [6].
The above quantities are all invariant under the re-
placement (H0, H‖, H⊥) → (H∗0 , H∗‖ ,−H∗⊥). Conse-
quently, these experiments do not distinguish between
right and left-handed amplitudes, H± = (H‖ ±H⊥)/
√
2.
While they measure |H+|2 + |H−|2 = |H‖|2 + |H⊥|2,
they do not determine the sign of |H+|2 − |H−|2 =
2Re(H∗‖H⊥). Therefore, the chiralities of the vector
mesons and of the weak currents, which couple to them
in the factorization approximation, cannot be tested.
Knowledge of the sign of Re(H∗‖H⊥) in B
0 → J/ψK∗0,
is of particular interest. It would have fixed the sign of
cos 2β occuring in the time-dependent rate of this process
[2], thereby resolving a discrete ambiguity in the weak
phase β [7]. Measuring additional interference terms be-
tween dominant and small helicity amplitudes in time-
dependent B0 → D∗−ρ+ and B0 → D∗+ρ− decays would
have removed a sign ambiguity in sin(2β + γ).
In the present Letter we propose processes of the type
B → V A, involving vector and axial vector mesons, from
which the above missing information can be obtained.
We will use the example of B0 → D∗−a+1 to present three
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major results: (a) a way of measuring separately rates for
positive and negative helicities, (b) a V−A test based on
factorization and heavy quark symmetry, and (c) a way
of resolving the sign ambiguity in sin(2β + γ). We will
also comment on resolving an ambiguity in determining
β in B0 → J/ψK∗0 by studying the process B → J/ψK1,
where K1 is an axial vector meson.
Let us explain first the necessary condition for a possi-
ble distinction between left and right-polarized spin one
mesons in hadronic B decays in which only final parti-
cle momenta are measured [8]. The polarization state
of a spin one meson is analyzed through its subsequent
strong or electromagnetic decay. Since the meson chi-
rality (∝ |H+|2 − |H−|2) is odd under parity, terms in
the decay distribution which are proportional to the chi-
rality must involve parity-odd measurables made-up of
final particle momenta. Two body decays do not permit
such pseudoscalar terms. In three body decays, on the
other hand, one can form a triple product (~p1 × ~p2) · ~p3,
involving for instance the momenta of the three final par-
ticles in the B rest frame. Although a triple product in
the decay distribution is also odd under time-reversal,
it is well known that it does not require time-reversal
violation when there are final state interactions. Thus,
a chirality measurement can be performed if the decay
amplitude involves a nontrivial phase due to final state
interactions.
B decays to a vector meson and an axial vector meson,
B → V A, in which the axial vector meson decays to three
pseudoscalars P1P2P3 via the chain A → V ′P1, V ′ →
P2P3, demonstrate our point. We note that a similar de-
pendence on left versus right polarization does not occur
in B → V1V2, where one vector meson decays in a chain
V1 → V ′P1, V ′ → P2P3 [8]. Two processes of the type
B → V A are B → D∗a1(1230), a1 → 3π, measured some
time ago [9], and B → J/ψK1(1270),K1 → K2π, re-
ported recently [10]. We will focus our attention mainly
on the first decay, and will make a few comments on the
second process.
A large sample of 18000± 1200 partially reconstructed
B0 → D∗−a+1 events, combining this mode with its
charge-conjugate, was reported very recently [11] with
a branching ratio
B(B0 → D∗−a+1 ) = [1.20± 0.07(stat)± 0.14(syst)]% .
(1)
The a1 was reconstructed via the decay chain a
+
1
→
2ρ0π+, ρ0 → π+π−, while the D∗ was identified by a
slow pion. We will show how to measure the sign of
|H+|2 − |H−|2 in this process. We will also calculate
separately the values of |H+|2 and |H−|2 in the factor-
ization and heavy quark approximation and will explain
how they can be measured and provide a test for V−A
versus V+A. In order to simplify the discussion, we will
first neglect a very small amplitude from b→ uc¯d which
would introduce time-dependent effects via B0− B¯0 mix-
ing. Subsequently, when discussing time-dependent mea-
surements, we will include this small amplitude, showing
how to resolve a discrete ambiguity in a measurement of
the weak phase 2β + γ.
The decay amplitude for B0 → D∗−a+1 can be written
as a sum over polarizations of weak decay amplitudes
Hi describing B
0 → D∗−a+1 , multiplying corresponding
strong decay amplitudes Ai for a1 → 3π (i = 0,+,−),
A(B0 → D∗−π+(p1)π+(p2)π−(p3)) =
∑
i=0,+,−
HiAi .
(2)
We assume that the a1 is reconstructed via a
+
1 →
ρ0π+, ρ0 → π+π−, as in [11]
Ai = Ai(a
+
1 → ρ0π+(p2)) +Ai(a+1 → ρ0π+(p1)) . (3)
The two terms correspond to the two possible ways of
forming a ρ meson from π+π− pairs. The a1ρπ coupling
can be written in terms of two invariant amplitudes,
A(a1(p, ε)→ ρ(p′, ε′)π) = A(ε·ε′∗)+B(ε·p′)(ε′∗·p) , (4)
where (p, ε) and (p′, ε′) are the momenta and polarization
vectors of the a1 and ρ, respectively. A and B are related
to the S and D-wave amplitudes through [12]
A = AS +
1√
2
AD (5)
B =
[
−
(
1− mρ
Eρ
)
AS −
(
1 + 2
mρ
Eρ
)
1√
2
AD
]
Eρ
mρ~pρ 2
,
where the ρ energy and momentum are given in the a1
rest frame. Since the ratio of D to S amplitudes is quite
small (−0.107 ± 0.016 [13]), we will neglect the D-wave
component and use AD = 0 in the numerical calculation
below.
The strong decay amplitude of a1 → 3π is obtained by
convoluting the a1 → ρπ amplitude (4) with the ampli-
tude for ρ0(ε′)→ π+(pi)π−(pj), which is proportional to
ε′ · (pi − pj). One finds
A(a+1 (p, ε)→ π+(p1)π+(p2)π−(p3)) ∝ (6)
C(s13, s23)(ε · p1) + (p1 ↔ p2) ,
where sij = (pi + pj)
2 are Dalitz plot variables, and
C(s13, s23) = [A+Bma1(E3−E2)]Bρ(s23)+2ABρ(s13) .
(7)
Here Bρ(sij) = (sij −m2ρ − imρΓρ)−1, and pion energies
are given in the a1 rest frame.
It is convenient to express the B meson decay distri-
bution in the rest frame of the a1 resonance [8]. We
introduce a unit vector normal to the decay plane of the
three pions, nˆ ≡ (~p1 × ~p2)/|~p1 × ~p2|, and denote by θ the
angle between nˆ and the direction zˆ opposite to the D∗
(or B) momentum. p1 and p2 are by convention [8] the
momenta of the slow and fast positively charged pions,
respectively. The decay amplitude into final hadronic
states depends also on two other (Euler) angles φ and
ψ. φ is an angle in the a1 decay plane (I), defining the
direction of one of the three pions (say p3), while ψ de-
fines the line of intersection of the D∗ decay plane with a
plane (II) perpendicular to zˆ. Both angles are measured
with respect to the line of intersection of the two planes
I and II. With these notations and convention, squaring
the amplitude (2) and integrating over φ and ψ, one finds
for the decay distribution in θ∫ ∫
dφdψ|A(B → D∗3π)|2 ∝ |H0|2 sin2 θ| ~J |2 (8)
+(|H+|2 + |H−|2)1
2
(1 + cos2 θ)| ~J |2
+(|H+|2 − |H−|2) cos θIm[( ~J × ~J∗) · nˆ] .
The vector ~J is defined in the rest frame of the a1 reso-
nance,
~J = C(s13, s23)~p1 + C(s23, s13)~p2 . (9)
Note that this expression does not depend on the mo-
menta of the D∗ decay products.
A fit to the angular decay distribution (8) enables sep-
arate measurements of the three terms |H0|2, |H+|2 +
|H−|2 and |H+|2 − |H−|2. In particular, one can mea-
sure the overall up-down asymmetry of the D∗ (or B)
momentum direction with respect to the a1 decay plane,
A = 3
2
〈cos θ〉 =
(
3
2
R
) |H+|2 − |H−|2
|H0|2 + |H+|2 + |H−|2 , (10)
where R is defined as
R =
1
2
〈Im [nˆ · ( ~J × ~J∗)]sgn (s13 − s23)〉
〈| ~J |2〉
, (11)
and can be computed using Eqs. (7) and (9). Integration
over the entire Dalitz plot yields a negative value R =
−0.158.
The three helicity amplitudes H0,± in B
0 → D∗−a+1 ,
can be calculated using factorization [14] and heavy
quark symmetry [15]. For a V−A current c¯γµ(1 − γ5)b
we find [4]
H0 = −GF√
2
VcbV
∗
uda1(D
∗a1)fa1
√
mBmD∗ (12)
×mB −mD∗
ma1
(y + 1)ξ(y) ,
H± =
GF√
2
VcbV
∗
uda1(D
∗a1)fa1
√
mBmD∗ (13)
×[−(y + 1)±
√
y2 − 1]ξ(y) .
3Here ξ(y) is the value of the Isgur-Wise function [15] at
y = (m2B + m
2
D∗ − m2a1)/(2mBmD∗) = 1.43, fa1 is the
a1 decay constant and a1(D
∗a1) is a QCD factor which
is close to one. The numerical values of these factors do
not affect the polarization prediction, for which one uses
the normalization |H0|2 + |H+|2 + |H−|2 = 1:
|H0|2 = 0.75 , |H+|2 = 0.21 , |H−|2 = 0.04 . (14)
These values imply an up-down asymmetry A = −0.042,
which is measurable with about 5000 B0 → D∗−a+1 and
B¯0 → D∗+a−1 events. About three times as many events
were observed in [11] in partially reconstructed decays,
which introduces a dilution factor due to uncertainties
in the D∗ direction. This dilution is avoided in fully
reconstructed events, for which present statistics seem to
be sufficient [16].
The predictions (14) of the Standard Model apply to
B0 decays. In B¯0 decays the values of |H+|2 and |H−|2
are interchanged. We also note that for a V+A cur-
rent the y + 1 terms in Eqs (12) and (13) change sign
which corresponds to interchanging |H+|2 and |H−|2.
This implies a unique signature for a V−A current,
following from Eq. (10) and (14) and from the nega-
tive value of R. Namely, in the a+1 rest frame the B
0
and D∗− prefer to move in the hemisphere defined by
~p(slow π+)× ~p(fast π+), while in B¯0 they prefer to move
in the opposite hemisphere.
Next let us consider the time-dependent rate of B0 →
D∗−a+1 following from interference of two amplitudes
[17], A from b¯ → c¯ud¯ and A¯ from b → uc¯d (f =
D∗−(3π)+),
A ≡ A(B0 → f) =
∑
i=0,‖,⊥
HiAi ,
A¯ ≡ A(B¯0 → f) =
∑
i=0,‖,⊥
hiAi , (15)
where Ai are calculable complex functions of θ, ψ and φ
as explained above. This resembles the situation in B →
D∗ρ, in which instead of A0,‖ and A⊥ one has g0,‖ and
ig⊥, respectively, where gi are real geometric functions
[18]. The three coefficients of the time-dependent rate,
Γ(B0(t)→ f) ∝ (|A|2 + |A¯|2) + (|A|2 − |A¯|2) cos∆mt
+ 2Im
(
e2iβAA¯∗
)
sin∆mt , (16)
involve bilinear expressions in Hi and hi multiplying cal-
culable functions of the angle variables, which after inte-
gration over φ are given by Rij ≡ (1/2π)
∫
dφRe(AiA
∗
j )
and Iij ≡ (1/2π)
∫
dφIm(AiA
∗
j ), (i, j = 0, ‖,⊥):
R00 =
1
2
sin2 θ| ~J |2 , R‖‖ =
1
2
(1− cos2 ψ sin2 θ)| ~J |2 ,
R⊥⊥ =
1
2
(1− sin2 ψ sin2 θ)| ~J |2 , R0‖ = sinψ sin θJ2n ,
R0⊥ =
1
4
sinψ sin 2θ| ~J |2 , R‖⊥ = cos θJ2n ,
I0‖ = −
1
4
cosψ sin 2θ| ~J |2 , I0⊥ = − cosψ sin θJ2n ,
I‖⊥ = −
1
4
sin 2ψ sin2 θ| ~J |2 , (17)
where J2n ≡ (1/2)Im[( ~J × ~J∗) · nˆ].
The constant and cos∆mt terms in (16) determine
the real and imaginary parts of HiH
∗
j (and hih
∗
j ) for all
pairs of transversity amplitudes, while the coefficient of
sin∆mt contain terms
Im
[
e2iβ(Hih
∗
jAiA
∗
j +Hjh
∗
iAjA
∗
i )
]
= Im
[
e2iβ(Hih
∗
j +Hjh
∗
i )
]
Re(AiA
∗
j )
+ Re
[
e2iβ(Hih
∗
j −Hjh∗i )
]
Im(AiA
∗
j ) , (18)
which fix both Im[e2iβ(Hih
∗
j+Hjh
∗
i )] and Re[e
2iβ(Hih
∗
j−
Hjh
∗
i )] for all pairs i, j. This situation differs from de-
cays into two vector mesons [18], which do not depend on
Im(H0H
∗
‖ ),Re(H0H
∗
⊥) and Re(H‖H
∗
⊥), and which con-
tain only the first term in (18) for i, j = 0, ‖ and i = j =⊥
and the second term for all other values of i and j.
Writing Hi = |Hi| exp(i∆i), hi = |hi| exp(iδi) exp(−iγ)
where ∆i and δi are strong interaction phases, and us-
ing the above and similar information from B0(t) → f¯ ,
enables a determination of 2β+γ without having to mea-
sure |hi|2. While a similar study of B → D∗ρ leads to
a two-fold ambiguity in the sign of sin(2β + γ), the new
terms in (18) occuring in B → D∗a1 resolve the ambigu-
ity. Detailed algebra will be presented elsewhere [19].
We wish to make a few comments on the process
B0 → J/ψK∗ from which the value of sin 2β can be deter-
mined [2]. We will suggest a possible way by learning the
sign of cos 2β which would remove a two-fold ambiguity
in β [7]. As mentioned in the introduction, fixing the sign
of cos 2β in B0 → J/ψK∗ requires knowlege of the sign
of |H+|2 − |H−|2 in this process. A heuristic argument,
using the positive helicity of the s¯ quark in b¯ → c¯LcLs¯L
seems to suggest that this sign is positive in B0 decays
and negative in B¯0 decays. This argument may, how-
ever, be affected by final state interactions which can flip
the s¯ quark helicity within the K∗. In fact, a nonzero
final state interaction phase Arg(H∗0H‖) was measured
in B0 → J/ψK∗ [5].
While the sign of |H+|2−|H−|2 in B → J/ψK∗ cannot
be measured directly, a similar quantity can be measured
in B → J/ψK1, where K1(1400) is an axial vector meson
decaying to Kππ. A quark spin argument suggests here
too that the sign is positive in B decays and negative in
B¯ decays. An experimental confirmation that the sign is
unaffected by final state interactions would be a useful
indication, although not an unambiguous proof, that this
is true also in B → J/ψK∗. The sign of |H+|2 − |H−|2
in B → J/ψK1 can be determined by measuring in the
K1 rest frame an up-down asymmetry of the J/ψ (or B)
relative to theKππ decay plane. A quantityR, defined as
in Eq. (11), was calculated recently [8] for K+1 (1400)→
K0π+π0 and K01(1400)→ K+π−π0 and was found to be
positive in both processes, R = +0.22± 0.03. Assuming
4that in B → J/ψK1 one has |H+|2 − |H−|2 > 0, the
up-down asymmetry of the J/ψ relative to the K1 decay
plane is then expected be opposite in sign relative to the
asymmetry in B0 → D∗−a+
1
where R was found to be
negative. This would serve as an indirect measure of the
sign of |H+|2 − |H−|2 in B → J/ψK∗.
Let us conclude with a few remarks concerning the
chiral structure of the b to c weak current, for which
a test was proposed here in B0 → D∗−a+1 . In certain
extensions of the Standard Model, such as a left-right
symmetric model, one expects deviations from a pure
V−A structure [20]. It was suggested [21] that such a
modification could explain a small discrepancy between
exclusive and inclusive determinations of |Vcb|. Several
earlier tests of the chiral structure of the b to c weak
current were reviewed in [22]. It was noted [23] that
measurements of angular correlations in semileptonic de-
cays B → (D∗ → Dπ)eν¯ [24] cannot distinguish between
V−A and V+A couplings, corresponding to WL and WR
exchange, respectively. This ambiguity may, in principle,
be removed by studying decays of polarized Λb baryons
[25], such as produced in e+e− annihilation at the Z
peak. However, the small Λb polarization measured at
LEP [26] seems to prohibit such a test. The large num-
ber of B0 → D∗−a+1 events observed at e+e− B factories
[11] provide an opportunity for answering this question.
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